imaging should shed light on this issue. It is also unclear whether Ca 2+ oscillation frequencies are uniform throughout the midgut or whether they are influenced by molecular and cellular gut regionalization [13, 14] .
The most groundbreaking aspects of the report by Deng et al. [2] are the identification of Ca 2+ oscillations within
ISCs and the fact that they represent a central node downstream of multiple stimuli that impact ISC proliferation. In the response to L-Glu, which involves direct activation of a G-protein-coupled receptor, modifications to the levels of cytosolic Ca 2+ are an expected outcome. However, the link between signalling and Ca 2+ is more surprisingand likely indirect -in the case of the other proliferative conditions analysed. One possibility is that the activated signalling pathways impact Ca 2+ levels indirectly through effects on L-Glu metabolism. However, that does not seem to be the case in the context of damage-induced ISC proliferation upon oral infection with the Gramnegative bacterium Erwinia carotovora carotovora 15 (Ecc15) or by feeding the DNA-damaging agent bleomycin [2] . Alternatively, heterotrimeric G proteins might represent one link between intestinal hyperproliferation and cytosolic Ca 2+ . In addition to G-protein-coupled receptors, heterotrimeric G proteins have been shown to interact with other receptor families, including receptor tyrosine kinases [15] . These receptors are also capable of directly activating PLC, resulting in the IP 3 A new study shows that differences in the regulation of lipin can account for the different strategies of nuclear division in two closely related fission yeast species.
Although biological diversity is daily observation, the mechanisms through which it arises are among the most puzzling questions in current research. Dispatches related species probably show distinctive patterns compared with those existing between largely divergent species [1] . This is exactly one of the situations that the Oliferenko lab has focused on in a recent paper in Current Biology, investigating how the regulation of lipin, an enzyme controlling the metabolic flux of phospholipids, has diverged between two related fission yeast species [2] . Indeed, despite being closely related, Schizosaccharomyces pombe and Schizosaccharomyces japonicus show dramatic differences in how they complete their mitotic divisions [3] . S. pombe undergoes a 'closed' mitosis, where the nuclear membrane remains intact throughout chromosome segregation, and the mitotic spindle assembles inside the nucleus. S. japonicus, on the other hand, undergoes an unusual form of mitosis called 'semi-open', where the spindle forms inside the nucleus but the nuclear envelope dramatically breaks open during anaphase [3, 4] . To maintain its nuclear volume throughout the mitotic process, S. pombe increases its nuclear surface area. On the other hand, in S. japonicus, nuclear membrane does not expand, explaining why the envelope must open in order to form the two daughter nuclei [5] . The molecular changes underlying such dramatic divergence in mitotic division in related yeast species have so far remained unknown.
Unlike yeasts, most of which undergo a closed mitosis, metazoans break down their nuclear envelopes during division. RNAi-mediated downregulation of the single lipin homolog in Caenorhabditis elegans also disrupts the normal morphology of the ER and causes defects in nuclear envelope breakdown (NEBD) [6, 7] . In this new study, Makarova et al. provide evidence that differences in the regulation of PA flux through lipin phosphorylation can account for the different strategies of nuclear division in S. japonicus and S. pombe.
The lipin family proteins are key regulators of lipid metabolism that help maintain lipid homeostasis and rate of synthesis. Lipins act as lipid phosphatase enzymes in the triglyceride synthesis pathway by catalyzing the formation of dicacylglycerol (DAG), the core component of lipid droplets, from phosphatidic acid (PA) [8, 9] . The activity of lipin proteins is regulated at several levels, including transcription, protein phosphorylation, degradation and subcellular localization. The lipin genes are conserved from yeast to mammals.
Loss of lipin in S. pombe (Ned1) and
Saccharomyces cerevisiae (Pah1) result in increased membrane proliferation and causes dramatic abnormalities in the structure of the ER and the nuclear envelope [10, 11] . In S. cerevisiae, lipin activity is regulated through membrane association with an amino-terminal amphipathic a-helix. Phosphorylation of Pah1 by CDK prevents the helix binding to membranes. Dephosphorylation by the Nem1-Spo7 phosphatase elevates PA phosphatase (PAP) activity, suggesting that phosphorylation inhibits the PAP activity of this enzyme [12] [13] [14] . Further studies in S. cerevisiae have shown that lipins play a crucial role in nuclear organization. Pah1 regulates nuclear membrane growth by influencing lipid biosynthesis during the cell cycle. Deletion of Pah1 or its phospho-deficient mutant causes transcriptional upregulation of genes involved in phospholipid biosynthesis, resulting in massive expansion of the nuclear envelope [8] . Constitutive dephosphorylation of Pah1 represses de novo phospholipid synthesis and inhibits cell division.
During closed mitosis, the nucleus divides without losing the nucleocytoplasmic compartmentalization and keeping its volume constant. However, to accommodate two daughter nuclei, the surface area of the nucleus needs to expand rapidly. Nuclear membrane growth is ensured by a burst of mitotic phospholipid biosynthesis. In S. pombe, as established by the authors, temporary inactivation of Ned1, shifting the PA flux towards synthesis of phospholipids rather than DAG is required to allow the division of the nucleus without nuclear envelope breakdown (Figure 1 ). This switch is ensured at least in part through phosphorylation of the lipin Ned1 by Cdc2, the major cyclin dependent kinase (CDK) in fission yeast. This phosphorylation leads to Ned1 inactivation and promotes nuclear membrane expansion during nuclear division. In both S. pombe and S. japonicus, lack of Ned1 or its activator phosphatase, Spo7-Nem1, resulted in nuclear and ER membrane expansion [2] . Moreover, phospho-mimicking mutations in Ned1 phosphorylation sites lead to the steady-state expansion of the nuclear envelope in S. pombe. Remarkably, in S. japonicus, Ned1 was not regulated in a CDK-dependent manner, suggesting that this difference in regulation may P P P P P P CDK1 P P P P P P P P P P Spo7-Nem1 Phosphorylation of Ned1 by CDK1 in S. pombe inactivates lipin activity allowing more production of structural phospholipids from phosphatidic acid (PA) during mitosis. In S. japonicas, however, Ned1 phosphorylation/dephosphorylation status is independent of the cell cycle.
account for the lack of nuclear envelope expansion and the need for NE brakeage in this organism. Together, these data suggest that one key event during the divergence of these two species is that S. japonicus has increasingly routed its PA to other processes at the expense of nuclear envelope expansion. This rerouting was possible only because these cells also acquired the ability to open their nuclear envelope during anaphase. Thus, the authors wondered whether changes in Ned1 protein underlie the change in PA utilization and membrane generation during the two strains. To test this possibility, they exchanged the lipin genes between the two strains -and here came the surprise! Swapping Ned1 between the two species had no visible effect in terms of NE expansion. Moreover, when expressed in S. pombe, Ned1 S.j. is phosphorylated in a cell-cycle-dependent manner, very much like Ned1 S.p. . Thus, these results indicate that the regulation of Ned1, rather than the protein itself, accounts for the differences in mitosis between S. pombe and S. japonicus.
This piece of work therefore promotes the idea that the evolution of posttranslational regulatory networks, rather than individual proteins, drives the emergence of divergent phenotypes and biological diversity. Thus, the work of Makarova et al. precisely documents the emerging concept that the segment of the genome that is most flexibly malleable during evolution involves the regulatory networks of post-translational modification rather than the hardware of enzymes. Indeed, this comparison of two seemingly similar species uncovers surprising differences in division strategies through differential phosphorylation regulation [2] .
The idea that regulatory elements are more amenable to evolution is reminiscent of the observation that differences in patterning of metazoans, or metabolic architecture in unicellular organisms, is generally driven by mutations affecting transcription factors, their expression and their binding sites, rather than enzymes. It is indeed intuitive that these mutations are less costly, easy to acquire and easy to fix [15] . However, living cells constantly monitor their internal and surrounding environment and respond accordingly. When rapid cellular changes are needed, transcriptional and translational responses are too slow [16, 17] . Regulation by phosphorylation seems particularly important in those situations. At least one third of eukaryotic proteins are phosphorylated and it is a major post-translational modification employed by eukaryotic cells to regulate protein activity [18] .
Though the evolution of posttranslational regulation of proteins has the potential to generate phenotypic diversity, this phenomenon has not yet been systematically studied. Regulatory sequences are all short and degenerate in contrast to structural domains, which contain much more information. Therefore, regulatory interactions are, in principle, much easier to modify by a few fortuitous point mutations or insertions and deletions [19, 20] . Therefore, the evolutionary plasticity resulting from the low information content of transcriptional and post-translational regulatory motifs seems likely to be a general principle of regulatory evolution. It is to be expected that many more reports will continue to further document just how much this type of evolutionary change due to differences in phospho-regulation is an important piece in the puzzle of biological diversity.
